The asthmatic airways are highly susceptible to inflammatory injury by air pollutants such as ozone (O 3 
INTRODUCTION
Ozone (O 3 ) is a toxic air pollutant formed by chemical reactions between nitric oxides and volatile organic compounds under sunlight.
Exposure to O 3 activates the innate immune system causing an influx of inflammatory cells into the airways. The asthmatic airways are highly susceptible to inflammatory injury by air pollutants such as O 3 , likely due to a failure of protective mechanisms. We previously showed that O 3 exposure induced exacerbation of allergic airway inflammation in mice, 1 the inflammatory changes were mediated by group 2 Abbreviations: Af, Aspergillus fumigatus; BAL, bronchoalveolar lavage; C5a, complement factor 5a; EET, eosinophil extracellular trap; Epx, eosinophil peroxidase gene; GSNO, S-Nitrosoglutathione; HEK, Human embryonic kidney; O 3 , ozone; PNGase F, peptide:N-glycosidase F; SNO, S-Nitrosothiol; SP-D, surfactant protein-D; WT, wild type innate lymphoid cells, 2 and the inflammation was predominated by eosinophilic granulocytes (eosinophils) in allergen sensitized but not naïve mice. 1 Activation of eosinophils during asthma exacerbation compounds the proinflammatory oxidative stress by high levels of nitric oxide (NO) production 3, 4 and release of extracellular DNA traps. 5 Eosinophils are involved in host defense and inflammation by phagocytosis of pathogens and secretion of toxic mediators, both functions are central to their role as effector cells. Within the last decade, it has become clear that these cells (just like neutrophils) are able to form extracellular DNA traps that significantly contribute to host defense. 6, 7 However, DNA traps can also contribute to the pathogenesis of chronic infectious, allergic, and autoimmune diseases. 8 Extracellular traps consist of DNA fibers and antimicrobial proteins, including eosinophil granule proteins that can bind and kill bacteria, 7,9 fungi 10 or even viruses 11 in the extracellular space. Although extracellular DNA traps are beneficial in host defense against invading microorganism and in response to various biological stimuli, their inappropriate release is highly pro-inflammatory. We have demonstrated the existence of extracellular DNA traps by eosinophils and neutrophils infiltrating the airways of human asthmatics. 12 In bronchial biopsies taken from allergic asthmatics, the number of eosinophil extracellular traps (EETs) consisting of DNA and co-localizing with major basic protein, correlated with the number of infiltrating eosinophils. The molecular mechanisms responsible for regulation of extracellular DNA release remain unclear and in dispute. 13, 14 Surfactant protein-D (SP-D), an epithelial cell product of the airways is a critical immune protective molecule with a multimeric structure susceptible to oxidative modifications. SP-D-deficient mice demonstrate chronic inflammatory alterations indicating a special importance of this molecule in regulating immune homeostasis and the function of the innate immune cells. 15 We demonstrated that SP-D plays a protective role both in allergen 16 or O 3 -induced 17 airway inflammation. Allergen challenge with either Aspergillus fumigatus (Af) or ovalbumin induced increases in SP-D mRNA and protein levels in the mouse lung 18 in an IL-4/IL-13/STAT-6 dependent manner while rSP-D significantly inhibited Af-driven Th2 cell activation in vitro. 16 Mice lacking SP-D had increased numbers of CD4 + lymphocytes with elevated IL-13 and thymus-and activation-regulated chemokine levels in the lung and showed exaggerated production of IgE and IgG1 following allergic sensitization. 16 Further, exposure of mice 17 or human volunteers 19 to O 3 also induced SP-D expression in the lung and in the circulation, respectively. SP-D induction was mediated by IL-6 in type II alveolar epithelial cells. 17 We also showed that SP-D can directly bind to immune cells of the lung 20 thereby regulating pulmonary immune homeostasis during the inflammatory response.
Several recent studies suggested that the multimeric (native) form of SP-D is susceptible to oxidative post translational modifications and subsequent structural and functional changes. 21 Indeed, there is evidence that SP-D may lose its host defense and anti-inflammatory properties in association with oxidation, 22 nitration 23 or nitrosylation 24 of specific N-and C-terminal residues during oxidative stress in the respiratory tract.
In the present study, we aimed to investigate how SP-D is affected in a model of severe combined airway inflammation induced by O 3 exposure and allergic airway sensitization in mice. We hypothesized that SP-D regulates eosinophil extracellular DNA trap formation and that this function is modified by oxidative stress.
MATERIALS AND METHODS
(A detailed description is provided in the online supplement)
Purification of eosinophils
Human eosinophils were isolated with a StemCell Technologies kit to >97% purity from white blood cells separated from Lithium-heparinized blood of healthy donors as previously described. 25 Written, informed consent was obtained from all peripheral blood donors. This study was approved by Ethics Committee of the Canton of Bern. Mouse eosinophils were isolated from IL5 tg mice from bone marrow using Abs against CD8 , CD19, CD90.2, and Ly-6G (Miltenyi Biotec, Bergisch Gladbach, Germany) and an EasySep Mouse PE Positive Selection Kit (Stemcell Technologies) to >95% purity, assessed by the Hematocolor Set (Merck Millipore). 25 Mouse studies were performed in Balb/c, C57BL/6 (wild type, WT) and SP-D −/− mice. O 3 and allergen exposure experiments were carried out as described. 1, 2, 16 Mice were sensitized and challenged with Af and unless otherwise indicated, exposed to O 3 (3.0 ppm for 2 h) 84 h later, and studied 12 h post O 3 exposure. Lung function (Flexivent) measurements (airway responsiveness) were performed in response to inhaled methacholine, as we previously described. 2 were assessed by native gel electrophoresis on the BAL cell-free lysate as previously described. 26 Optical Density was semi-quantified by ImageJ analysis. 
Cell activation and confocal laser scanning microscopy

Quantification of released dsDNA in culture supernatants
Released dsDNA was quantified as previously described. 27 Briefly, isolated eosinophils (4 × 10 6 /mL) were stimulated and treated with DNase I (2.5 U/mL; Worthington) and proteinase K (0.2 mg/mL; Roche).
Reactions were stopped and cells were centrifuged (500 × g, 5 min).
Supernatant was transferred to black, glass-bottom 96-well plates (Greiner Bio-One GmbH) and the fluorescent activity of PicoGreen dye bound to dsDNA was excited at 502 nm and the fluorescence emission intensity was measured at 523 nm using a spectrofluorimeter (SpectraMax M2, Molecular Devices, Biberach an der Riß, Germany), according to instructions (Quant-iT TM PicoGreen R Assay Kit).
SNO-SP-D was generated with slight modifications of the technique used by Guo et al. 21, 24 
Western blotting
Total protein concentrations were determined by bicinchoninic acid 
Statistical analysis
Mean values (±SEM) are provided. To compare groups, unpaired Student's t-test was applied and a P-value less than 0.05 was considered to be significant. Two-way ANOVA with Tukey's multiple comparisons test was used to compare dose responses and time courses. Correlations were performed using regression analysis (Graph Pad Prism 7, Graph Pad Software Inc.).
RESULTS AND DISCUSSION
SP-D inhibited eosinophil activation and blocked formation of extracellular DNA traps
Our laboratory and others previously showed that SP-D deficiency predisposes to inflammation of the airways and lung parenchyma 20, 30 leading to chronic disease. [30] [31] [32] [33] Although the role of SP-D in modulating macrophage and dendritic cell function for host defense has been well documented, 15, 34, 35 The Affymetrix chip (a pre-determined design by Affymetrix) from our mouse lung transcriptome, contained over 45,000 genes including the eosinophil specific epx; ear1; the combined ear1, 2,3,12; ear3; ear11; ear2, ear4, and ear5 gene probes. Figure 1A shows that expression for eosinophil peroxidase (epx) and isoforms of eosinophil associ- (Fig. 1C) . These results were further corroborated using both purified human peripheral blood eosinophils ( Fig. 2A) and mature mouse eosinophils isolated from bone marrow of IL5 tg mice (Fig. 2C) . Confocal assessment of EET formation was further confirmed by quantification of released dsDNA in the supernatant of activated cells (Fig. 2B and D) . 7 In Fig. 2A human eosinophil granules appear punctate due to the high levels of granule proteins, such as major basic proteins (MBP) and eosinophil peroxidase (EPX), that are known to have autofluorescence (hence the red dots). In contrast, mouse eosinophils comparatively have less eosinophil granule proteins and therefore less auto-fluorescence activity (Fig. 2C) . The MitoSOX Red fluorescent dye is a derivative of ethidium bromide (i.e., a DNA binding dye) that is live-cell permeable and is oxidized by superoxide, exhibiting red fluorescence when bound to nucleic acid. MitoSOX is a highly suitable fluorescent dye for the detection of the DNA scaffold of EETs, since it requires DNA in combination with reactive oxygen species to emit a red color. Hoechst 33342, being a weaker staining reagent for released DNA, is here used only to visualize the nuclei of cells after fixation.
We used an anti-SP-D Ab as an experimental control throughout our experiments. Importantly, Ab blockade of SP-D completely reversed its effects on dsDNA release verifying that the inhibition we saw on eosinophil extracellular trap formation was indeed specifically caused by SP-D ( Fig. 2A-D) . Taken together, these data indicated that lack of SP-D in the lung results in gene activation of eosinophil specific proinflammatory granule products and/or influx of eosinophils into the lungs while presence of SP-D inhibits eosinophil activation by direct cell membrane binding. Our data corroborate previous studies in which SP-D was shown to bind eosinophils in a maltose and Ca ++ -dependent manner. 39 SP-D also inhibited eotaxin-induced migration, degranulation of eosinophil cationic protein 39 and promoted apoptosis upon IL-5 priming in vitro. [40] [41] [42] SP-D exerts both host-defense and anti-inflammatory functions in the lung. These are not contradictory as they both serve immune protection of the respiratory mucosa through distinct and complementary mechanisms as we and many others have previously shown. 15, 43, 44 Such dual biological role is well illustrated by the relationship of SP-D to extracellular DNA traps, in the absence of pathogens the carbohydrate recognition domain of SP-D is free to ligate inhibitory membrane receptors on the granulocyte surface 37 
O 3 enhanced Af-induced airway eosinophilia and degraded SP-D
To investigate the in vivo significance of these findings in a model of Th2 high severe asthma where eosinophils are the predominant cell type and responsible for the clinical and pathological changes, 46, 47 we used a combined model of allergic airway sensitization and O 3 exposure. 1 Mice were sensitized and challenged with Af, then exposed to O 3 at different time points post Af challenge and 12 h post O 3 exposure (Fig. 3A) . Our time course experiment showed that airway neutrophilia peaked 24 h and airway eosinophilia peaked 96 h after Af challenge. O 3 inhalation significantly increased both neutrophil and eosinophil counts (Fig. 3B) . A detailed assessment of the differential cell count at this time point (Fig. 3C and D) shows that a doubling of eosinophil numbers in the BAL was associated with a significant increase in lung resistance to methacholine inhalation in the mice that received O 3 exposure after Af challenge (Fig. 3E) . Figs. 1 and 2 , we hypothesized that presence of more SP-D would convey more protection against inflammatory changes in the lung. To study this, we investigated Balb/c mice that showed a prominent increase in eosinophil influx into the airways upon the combined exposure to allergen and O 3 (Fig. 3D) . Contrary to our hypothesis, heightened airway inflammation in the allergen and O 3 exposed mice was in fact associated with significantly elevated SP-D both at the mRNA (Fig. 3G top panel) and the protein level (3G bottom panel). Thus, increased level of SP-D expression did not simply equal better anti-inflammatory protection. To resolve this conundrum, we went ahead and looked into the structural changes of SP-D upon allergen and O 3 treatment of the mice by native gel electrophoresis (Fig. 3H) . The multimeric (native) structure of SP-D is known to be susceptible to chemical modifications by free radicals during airway inflammation [22] [23] [24] and such change can result in a loss of its immune protective properties. 21, 24, 26, 48, 49 Indeed, while O 3 enhanced mRNA as well as total SP-D protein expression in the asthmatic mice, the proportion of highly oligomerized SP-D was in fact significantly decreased in these animals ( Fig. 3H right panel) . Such structural modification occurred in allergen challenged asthma patients 26 and in the highly inflamed lung of mice 24 and it was associated with a nitric oxide rich milieu and inducible nitric oxide synthase iNOS (nos2) activation. 48 
S-nitrosylation of the SP-D molecule altered its structure and abolished its inhibitory effects on dsDNA release
Eosinophils have been identified in asthmatic airway inflammation as a major source of iNOS 3,4,50 and exhaled NO has become the hallmark of severe high eosinophilic asthma. 51, 52 In our model, there was a positive correlation between the genes encoding the eosinophil granule product eosinophil peroxidase (epx) and inducible nitric oxide synthase (nos2) in the lung of mice that received the combination of Af and O 3 exposure (Fig. 4A) suggesting that greater number of eosinophils or extent of activation is associated with increased presence of the enzyme responsible for NO production. NO was suggested to chemically modify SP-D in a process called S-nitrosylation. 21, 24 The extent of this modification in SP-D recovered from the BAL of mice is illustrated in Fig. 4B by the biotin switch assay 29 (Fig. 4C) . The role of cysteine residues in maintaining the integrity of the multimeric SP-D structure is essential. Cys15 and 20 were demonstrated to be particularly important 34, 53 and susceptible to S-nitrosylation. 24 The role of cysteine residues in the direct effects of oxidative modifications by O 3 were investigated in vitro (Fig. 4D) . As shown before, 21, 24 (Fig. 4G) . We found similar binding intensity to untreated SP-D (Fig. 1B) suggesting that S-nitrosylation did not affect eosinophil membrane binding. However, inhibition of dsDNA release into the supernatant of activated eosinophils was completely lost when cells were treated with SNO-SP-D (Fig. 4H) . 
